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SUMMARY
Refinements in a 10-percent-thick supercritical airfoil have produced improvements
in the overall drag characteristics at normal-force coefficients from about 0.30 to 0.65
compared with earlier supercritical airfoils which were developed for a normal-force
coefficient of 0.7. The drag-divergence Mach number of the improved supercritical air-
foil (airfoil 26a) varied from approximately 0.82 at a normal-force coefficient of 0.30 to
0.78 at a normal-force coefficient of 0.80 with no drag creep evident.
INTRODUCTION
A concerted effort within the NASA over the past several years, directed toward
developing practical two-dimensional airfoils with good transonic behavior while retain- •
ing acceptable low-speed characteristics, has focused on a concept referred to as the
supercritical airfoil. (See refs. 1 to 7.) This airfoil was conceived to have an extensive
region of local supersonic flow over the upper surface terminated by a mainly isentropic
recompression near the trailing edge at design conditions; thus, the transonic drag rise is
deferred well beyond the critical Mach number (the free-stream Mach number at which
the local velocity becomes sonic at some point on the airfoil). A wide range of wind-
tunnel and flight investigations (refs. 7 to 13, for example) of several airplane configura-
tions incorporating the supercritical airfoil concept have indicated improvements in
performance and maneuver capabilities with marked p«itoMM0Mor both military and com-
mercial application of the supercritical airfoil.
Recent research effort has been directed toward two primary objectives: optimiza-
tion for lift coefficients at which future advanced technology transport configurations are
-4gB^MgMM|MPt-'
expected to cruise and reduction of drag creep (gradual buildup of boundary-layer and
shock losses preceding drag divergence).
*
Title, Unclassified.
This report presents the results of this recent effort, documents the aerodynamic
characteristics of an improved 10-percent-thick supercritical airfoil (airfoil 26a), and
compares these characteristics with those of earlier supercritical airfoils (airfoils 11
and 12).
SYMBOLS
Values are given in both SI and U.S. Customary Units. Measurements and calcula-
tions are made in U.S. Customary Units.
P7 - P^C pressure coefficient,
c.
loo
sonic pressure coefficient corresponding to local Mach number of 1.0
chord of airfoil, 63.5 centimeters (25.0 inches)
section drag coefficient, ) c^' —
Cj' point drag coefficient (ref. 14)
cm section pitching-moment coefficient about the quarter-chord point,
r~7\ . . ^—v
1 U^
V Ax \^ Axcn section normal-force coefficient, ) Cp ) Cp —
1 u
K surface curvature, reciprocal of local radius of curvature
M Mach number
m surface slope, —"** '"'"*'"dx
p static pressure, newtons per meter^ (pounds per foot2)
total-pressure loss, newtons per meter^ (pounds per foot^)'
dynamic pressure, newtons per meter^ (pounds per foot^)
R Reynolds number based on airfoil chord
x ordinate along airfoil reference line measured from airfoil leading edge,
centimeters (inches)
y ordinate normal to airfoil reference line, centimeters (inches)
z vertical distance in wake profile measured from bottom of rake, centimeters
(inches)
a angle of attack of airfoil reference line, degrees
Subscripts:





1 airfoil lower surface
u airfoil upper surface
APPARATUS AND TECHNIQUES
Descriptions of apparatus and testing techniques contained in this section appear in
other reports (refs. 1 to 5, for example), but are repeated here for completeness.
Models
Various features of the supercritical airfoil concept and design philosophy are dis-
cussed in references 1 to 7 and are not repeated herein.
Background.- During early phases of the two-dimensional supercritical airfoil
development program, emphasis was placed upon developing an airfoil with the highest
drag-divergence Mach number attainable at a normal-force coefficient of 0.7. The
normal-force coefficient of 0.7 was chosen as the design goal since, when account was
taken of the sweep effect, it was representative of lift coefficients at which advanced
technology transports utilizing the supercritical airfoil concept were then expected to
cruise.
The resultant airfoil, identified as supercritical airfoil 11, with a ratio of maxi-
mum thickness to chord of 0.10 and a ratio of trailing-edge thickness to chord of 0.007
had a drag-divergence Mach number of about 0.79 and has been reported in reference 2.
This airfoil experienced a drag creep of about 14 counts /c^ increment of 0.0014) between
the subcritical Mach number of 0.60 and the final drag-rise conditions. This gradual
buildup of drag was largely associated with an intermediate off-design second velocity
peak and relatively weak shock waves above the upper surface at these speeds. It was
believed that with proper shape refinements, the drag creep could be reduced or
eliminated.
Design studies of advanced technology transport configurations suggested that the
cruise lift coefficient would be somewhat lower than originally anticipated. Consequently,
there was a need for an airfoil optimized for a normal-force coefficient lower than 0.7.
The wind-tunnel tests required for airfoil optimization at the lower normal-force coeffi-
cient also provided the opportunity to explore the drag-creep problem; thus, drag-creep
reduction was included as a goal and an important factor in the wind-tunnel program. The
result was an airfoil (identified as airfoil 26a) with a smaller leading-edge radius, reduced
curvature over the forward and rear upper surface, reduced aft camber, and minor changes
over the lower surface.
Individual systematic modifications explored between airfoils 11 and 26a and included
on airfoil 26a are beyond the intended scope of this report and are not discussed.
Wind-tunnel models.- Because data for airfoil 11 were only available at normal-
force coefficients near 0.7, there was not an adequate basis of comparison with the
improved airfoil 26a at off-design conditions. The first step in the optimization process
(airfoil 12) for which data were obtained over a wider range of off-design conditions is
used in this report to provide a carryover basis of. comparison between the earlier air-
foil 11 and the improved airfoil 26a. Physical differences in these three airfoils are
shown in figures 1 to 3 and section coordinates are presented in table I. The airfoil num-
ber designations were assigned for identification purposes and the airfoils are referred to
by these designations hereafter. Although not included in the airfoil sketches of figure 1,
a trailing-edge cavity as shown in the photograph of figure 4 and discussed in reference 2
was included on all three airfoils.
The wind-tunnel models, mounted in an inverted position, spanned the width of the
tunnel with a span-chord ratio of 3.4. They were constructed with metal leading and trail-
ing edges and with a metal core around which plastic fill was used to form the contours of
the airfoils. Angle of attack was changed manually by rotating the model about pivots in
the tunnel side walls. Sketches of one of the airfoils and the profile drag rake are pre-
sented in figure 5 and a photograph of one of the airfoils and the profile drag rake mounted
in the tunnel is shown as figure 4(a).
Wind Tunnel
The investigation was conducted in the Langley 8-foot transonic pressure tunnel
(ref. 15). This tunnel is a continuous-flow, variable-pressure wind tunnel with controls
that permit the independent variation of Mach number, stagnation pressure and tempera-
ture, and dewpoint. It has a 2.16-meter-square (85.2-inch-square) test section with fil-
leted corners so that the total cross-sectional area is equivalent to a 2.44-meter-diameter
(8-foot-diameter) circle. The upper and lower test section walls are axially slotted to
permit testing through the transonic speed range. The total slot width at the position of
the model averaged about 5 percent of the width of the upper and lower walls.
The solid side walls and slotted upper and lower walls make this tunnel well suited
to the investigation of two-dimensional models since the side walls act as end plates
whereas the slots permit development of the flow field in the vertical direction.
Boundary-Layer Transition
Based on the technique discussed in reference 16, boundary-layer transition was
fixed along the 28-percent chord line on the upper and lower surfaces in an attempt to sim-
ulate full-scale Reynolds numbers by providing the same relative trailing-edge boundary-
layer-displacement thickness at model scale as would exist at full-scale flight conditions.
The simulation technique, which requires that laminar flow be maintained ahead of the
transition trip, is limited on the upper surface to those test conditions in which shock
waves or other steep adverse pressure gradients occur behind the point of fixed transition
so that the flow is not tripped prematurely. Full-scale simulation on the lower surface
would be valid through the Mach number range of the investigation since laminar flow can
be maintained ahead of the trip for all conditions. The transition trips consisted of
0.25-cm-wide (0.10-in.) bands of number 90 carborundum grains.
Measurements
Surface-pressure measurements.- Normal force and pitching moments acting on the
airfoils were determined from surface static-pressure measurements. The surface-
pressure measurements were obtained from a chordwise .row of orifices located approxi-
mately 0.32c from the tunnel center line. Orifices were concentrated near the leading and
trailing edges of the airfoil to define the severe pressure gradients in these regions. In
addition, a rearward-facing orifice was included in the cavity at the trailing edge (identi-
fied at an upper surface x/c location of 1.00). Actual orifice locations are included in
tables II and HI. The transducers used in the differential-pressure scanning valves to
measure the static pressure at the airfoil surface had a range of ±68.9 kN/m2 (10 Ib/in2).
Wake measurements.- Drag forces acting on the airfoils, as measured by the
momentum deficiency within the wake, were derived from vertical variations of the total
and static pressures measured across the wake with the profile drag rake shown in fig-
ure 5. The rake was positioned in the vertical center-line plane of the tunnel, approxi-
mately 1 chord length rearward of the trailing edge of the airfoil. The total-pressure
tubes were flattened horizontally and closely spaced vertically (0.36 percent of the airfoil
chord) in the region of the wake associated with-skin-friction boundary-layer losses. Out-
side this region, the tube vertical spacing progressively widened until in the region above
the wing where only shock losses were anticipated, the total-pressure tubes were spaced
apart about 7.2 percent of the chord. Static-pressure tubes were distributed as shown in
figure 5. The rake was attached to the conventional center-line sting mount of the tunnel
which permitted it to be moved vertically to center the close concentration of tubes in the
boundary-layer wake.
Total and static pressures across the wake were also measured with the use of
differential-pressure scanning valves. The transducer in the valve connected to total-
pressure tubes intended to measure boundary-layer losses had a range of ±17.2 kN/m2
(2.5 Ib/in2); and the transducer in the valve for measuring shock losses and static pres-
sure had a range of ±6.9 kN/m2 (1 Ib/in2).
Reduction of Data and Corrections
Calculation of cn and cm.- Section normal-force and pitching-moment coeffi-
cients were obtained by numerical integration (based on the trapezoidal method) of the
local surface-pressure coefficient measured at each orifice multiplied by an appropriate
weighting factor (incremental area).
Calculation of c^.- To obtain section drag coefficients, point drag coefficients were
computed for each total-pressure measurement in the wake by using the procedure of ref-
erence 14. These point drag coefficients were then summed by numerical integration
across the wake, again based on the trapezoidal method.
Corrections for wind-tunnel-wall effects.- The most significant effect of wall inter-
ference on the data was a lift-induced angle-of-attack shift which must be subtracted from
the measured geometric angle of attack. According to theory (ref. 17), the mean value of
the angle-of-attack correction at the midchord, in degrees, is estimated to be approxi-
mately three times the section normal-force coefficient. However, based on other exper-
imental data and on estimated differences in angles of attack required to match theoretical
and experimental pressure distributions at the same normal-force coefficient, such a cor-
rection is believed to be unrealistically large. Because of this uncertainty, the uncor-
rected geometric angles of attack are used herein.
The theory of reference 17 also indicates that tunnel-wall-blockage effects would be
small; consequently, no corrections have been applied to the data to account for blockage
effects.
TEST CONDITIONS
Tests were conducted at Mach numbers from 0.50 to 0.83 for a stagnation pressure
of 0.1013 MN/m2 (1 atmosphere) with resultant Reynolds numbers based on the airfoil
chord as shown in figure 6. The stagnation temperature of the tunnel air was automati-
cally controlled at approximately 322 K (120° F) and the air was dried until the dewpoint
in the test section was reduced sufficiently to avoid condensation effects.
PRESENTATION OF RESULTS
Section force and moment coefficients of supercritical airfoils 11, 12, and 26a are
presented in figure 7 and the drag characteristics are summarized in figures 8 to 11.
Although not pertinent to a discussion of the improved airfoil 26a, except as a matter of
record in an evolutionary context, comparisons of the section characteristics of airfoils 11
and 12 are included in figures 7 and 8 to provide a source of systematic experimental data
for the supercritical airfoil. Chordwise surface-pressure profiles of airfoils 12 and 26a
are compared at the same geometric angle of attack in figures 12 to 22 and are presented
in tables II and HI. (Surface-pressure distributions of airfoil 11 are presented in ref. 2.)
Selected wake profiles and surface-pressure profiles are also compared in figures 23
and 24 at various Mach numbers and normal-force coefficients.
The wake profiles in figure 23 are representative of the momentum losses as indi-
cated by stagnation-pressure deficits across the wake. The middle section of these pro-
files reflect viscous and separation losses in the boundary layer, whereas the "wings" of
the profiles reflect direct losses in stagnation pressure across the shock waves.
DISCUSSION
Neither the drag-rise characteristics summarized in figure 8 nor the surface-
pressure distributions (not presented) show any significant differences between airfoils 11
and 12 at near-design normal-force coefficients. Therefore, the remainder of this dis-
cussion will be confined to comparisons of the aerodynamic characteristics of airfoils 12
and 26a.
Figure 7 shows an increase of almost 1° in angle of attack to achieve the same
normal-force coefficient with airfoil 26a as with airfoil 12 because of the reduced aft
camber. There was also a substantial reduction in nose-down pitching moments associ-
ated with this reduced aft camber.
Drag-divergence Mach number was significantly improved (figs. 9 and 10) and
varied from approximately 0.82 at cn = 0.3 to approximately 0.78 at cn = 0.8 for air-
foil 26a. For the comparison of figure 10, drag-divergence Mach number was defined as
the point where the slope of the curve for section drag coefficient as a function of Mach
number equals 0.1. The improvements in drag-divergence Mach number for airfoil 26a
were associated with the elimination of a region of over expansion on the upper surface of
airfoil 12 near the 80-percent chord station. This region of overexpansion on airfoil 12
developed into a second supersonic velocity peak and terminated in a second shock system
at the higher Mach numbers which accounts for the lower drag-divergence Mach number.
(See, for example, fig. 19(c).) This region of overexpansion and subsequent second super-
sonic velocity peak is no longer evident on airfoil 26a. These improved drag-rise char-
acteristics of airfoil 26a may best be illustrated by the wake profiles in figures 23(c)
to 23(f). It may be seen that the delays in drag-divergence Mach number for airfoil 26a
at the lower normal-force coefficients were due to noticeable reductions in both viscous
and shock losses.
Airfoil 26a also exhibited (figs. 9 and 11) a lower subcritical drag level than air-
foil 12 and no drag creep was evident up to normal-force coefficients somewhat greater
than 0.6. In fact, for these lower normal-force coefficients, figure 9 shows a decrease
in drag with increasing Mach number due to the variation of Reynolds number. (See
fig. 6.) If the Reynolds number influence were taken into account, the drag curves of fig-
ure 9 would be practically flat up to the drag-divergence Mach number. The lower sub-
critical drag levels may be explained by referring to the surface-pressure distributions.
Compare, for example, the surface-pressure distributions of the two airfoils at the same
normal-force coefficients for Mach numbers of 0.50 and 0.60 in figures 24(a) and 24(b).
Airfoil 26a, although starting with a higher leading-edge suction peak than airfoil 12,
developed a gradual recompression from the leading-edge suction peak to the trailing edge
that resulted in reduced adverse pressure gradients at the trailing edge where boundary-
layer development is most sensitive.
At normal-force coefficients greater than about 0.7, the drag-rise characteristics
(fig. 10) of airfoil 26a were not as good as those of airfoil 12. This result was not unex-
pected since the aft camber of airfoil 12 was designed for higher normal-force coefficients.
At Mach numbers below the drag rise, the drag of airfoil 26a was generally greater than
airfoil 12 (fig. 7) because of the reduced aft camber. Due to the larger angles of attack
required with airfoil 26a to obtain the same lift as airfoil 12, supervelocities were greater
over the forward upper surface region of airfoil 26a and resulted in stronger shock
8
strengths. (See figs. 24(c) and 24(d).) The stronger shock strengths are also illustrated
by the wake-profile comparisons at these conditions in figures 23(a) and 23(b).
CONCLUDING REMARKS
Refinements in a 10-percent-thick supercritical airfoil have produced improvements
in the overall drag characteristics at normal-force coefficients from about 0.30 to 0.65
compared with earlier supercritical airfoils which were developed for a normal-force
coefficient of 0.7. The drag-divergence Mach number of the improved supercritical air-
foil (airfoil 26a) varied from approximately 0.82 at a normal-force coefficient of 0.30
to 0.78 at a normal-force coefficient of 0.80 with no drag creep evident.
Langley Research Center,
National Aeronautics and Space Administration,
Hampton, Va., November 28, 1973.
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TABLE I.- SECTION COORDINATES
[c = 63.5 cm (25 in.); airfoils 11 and 12 have a leading-edge radius of 0,0212c; airfoil 26a has
























































































































































































































































































































































































































































































































































































































































































































































TABLE n. - SURFACE PRESSURE DISTRIBUTIONS FOR SUPERCRITICAL AIRFOIL 12
(a) a - -0.5°
CP AT -
















































































































































































































































































































































































































































































































































































































































































































TABLE O. - SURFACE PRESSURE DISTRIBUTIONS FOR SUPERCRITICAL AIRFOIL 12 - Continued
(b) a = 0°
CP AT -












































































































































































































































































































































































































































































TABLE II. - SURFACE PRESSURE DISTRIBUTIONS FOR SUPERCRITICAL AIRFOIL 12 - Continued


























































































































































































































































































































































































































TABLE H. - SURFACE PRESSURE DISTRIBUTIONS FOR SUPERCRITICAL AIRFOIL 12 - Continued
(d) a - 1.0°
CP «T -























































































































































































































































































































































































































































































































































































































































TABLE n. - SURFACE PRESSURE DISTRIBUTIONS FOR SUPERCRITICAL AIRFOIL 12 - Continued
(e) a . 1.5°
CP »T -























































































































































































































































































































































































































































































































































































































































TABLE n. - SURFACE PRESSURE DISTRIBUTIONS FOR SUPERCRITICAL AIRFOIL 12 - Continued
(f) a . 2.0°
CP IT -























































































































































































































































































































































































































































































































































































































































TABLE n. - SURFACE PRESSURE DISTRIBUTIONS FOR SUPERCRITICAL AIRFOIL 12 - Continued
(g) a . 2.5°
CP AT -





































































































































































































































































































































































































































































































































TABLE II. - SURFACE PRESSURE DISTRIBUTIONS FOR SUPERCRITICAL AIRFOIL 12 - Concluded
(h) 0-3.5°
CP AT -



















































































































































































































































































































































































































TABLE HI. - SURFACE PRESSURE DISTRIBUTIONS FOR SUPERCRITICAL AIRFOIL 26a
(a) a > -0.5°
CP AT -


































































































































































































































































































































































































































































































































































































































































































































TABLE ffl. - SURFACE PRESSURE DISTRIBUTIONS FOR SUPERCRITICAL AIRFOIL 26a - Continued
(b) a.0°
CP Ar -










































































































































































































































































































































































































































































































TABLE HI. - SURFACE PRESSURE DISTRIBUTIONS FOR SUPERCRITICAL AIRFOIL 26a - Continued
(c) a - 0.5°
CP AT -










































































































































































































































































































































































































































































































TABLE HI. - SURFACE PRESSURE DISTRIBUTIONS FOR SUPERCRITICAL AIRFOIL 26a - Continued
(d) a . 1.0°
CP AI -


































































































































































































































































































































































































































































































































































































































































































































TABLE HI. - SURFACE PRESSURE DISTRIBUTIONS FOR SUPERCRITICAL AIRFOIL 26a - Continued
(e) a . 1.5°
CP AT -












































































































































































































































































































































































































































































































































































































































































TABLE m. - SURFACE PRESSURE DISTRIBUTIONS FOR SUPERCRITICAL AIRFOIL 26a - Continued
(f) a - 2.0°
CP AI -
X/C M-0.50 M-0.60 M-0. 70 M.0.74 H-0. 76 N'0.78 M-0.79 M-0. 80 1 M-0. 81 M'0.82 M-0. 83 X/C











































































































































































































































































































































































































































































































































































































































































TABLE m. - SURFACE PRESSURE DISTRIBUTIONS FOR SUPERCRITICAL AIRFOIL 26a - Continued
(g) a - 2.5°
CP AI -
































































































































































































































































































































































































































































































































































TABLE in. - SURFACE PRESSURE DISTRIBUTIONS FOR SUPERCRITICAL AIRFOIL 26a - Concluded
(h) a - 3.5°
CP AT -
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(a) Upper surface.
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(a) Upper surface.
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(a) Airfoil mounted in tunnel.
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(b) Profile drag rake.
Figure 5.- Concluded.
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Figure 6.- Variation with Mach number of test wind-tunnel Reynolds number.
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(a) M = 0.50.
Figure 1.- Comparison of force and moment characteristics of
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(d) M = 0.74.
Figure 7.- Continued.
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Figure 8.- Variation of section drag coefficient with Mach number of supercritical
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Figure 9.- Variation of section drag coefficient with Mach number of supercritical
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FOR EARLY DOMESTIC DISSEMINATION
Because of its significant early commercial potential, this
information, which has been developed under a U.S. Gov-
ernment program, is being disseminated within the United
States in advance of general publication. This information
may be duplicated and used by the recipient with the ex-
press limitation that it not be published. Release of this
information to other domestic parties by the recipient shall
be made subject to these limitations.
Foreign release may be made only with prior NASA ap-
proval and appropriate export licenses. This legend shall
be marked on any reproduction of this information in whole
or in part.
Review for general release September 30, 1982.
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aeronautical and space activities of. the United States shall be
conducted so as to contribute . . . to the expansion of human knowl-
edge of phenomena in the atmosphere and space. The Administration
shall provide for the widest practicable and appropriate dissemination
of information concerning its activities and the results thereof."
—NATIONAL AERONAUTICS AND SPACE ACT OF 1958
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Details on the availability of these publications may be obtained from:
SCIENTIFIC AND TECHNICAL INFORMATION OFFICE
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